Abstract. The With indirect excitation and the diluted solvents, there is an important correction (neglected by previous workers) to be made for direct solute excitation, and the data are shown to be consistent with a relation derived to allow for this effect.
Introduction
An organic liquid scintillator consists of one or more fluorescent solutes in a solvent which is usually aromatic (Birks 1964) . T h e incident ionizing radiation dissipates its energy primarily in the solvent, producing excitation of the solvent molecules, which is rapidly internally converted into that of the lowest excited singlet state. This solvent (X) excitation energy is then transferred to the solute ( U ) molecules, which fluoresce yielding the scintillation emission. At low solute concentrations the solvent-solute energy transfer can occur radiatively but, at the concentrations ( w M) used in practical scintillators, the transfer process is predominantly non-radiative, unless the solution is of such large volume (as in whole-body or cosmic-ray counters) that solvent-solvent and solvent-solute absorption effects become appreciable.
Earlier studies of solvent-solute and solute-solute energy transfer in which the radiative and non-radiative processes were distinguished have been described in previous papers in this series (Birks and Cameron 1958 , to be referred to as I, 11, 111, respectively) , and other work on energy transfer in liquid scintillators has been reviewed by Birks (1964) . More recent work is referred to in § 4.
It has been proposed that four processes may contribute to the solvent-solute nonradiative energy transfer: (I) difusion of the solvent and solute molecules, (ii) solventsolvent migration of the solvent excitation energy due to dipole-dipole or multipole-multipole resonance interaction between excited and unexcited solvent molecules, (iii) long-range solvent-solute excitation transfer due to similar interaction between excited solvent and unexcited solute molecules, and (iv) extimer formation and dissoczation in the solvent, affecting mainly processes (ii) and (iii) (Birks e t al. 1966 , Braga et al. 1966 .
The present study was designed to investigate processes (1) and (ii), in the absence of effects due to processes (111) and ( 1~) . To minimize process (iv), p-xylene in which excimer formation is small compared \yith that in the other alkyl benzenes (Birks e t d. 1965 ) was chosen as the donor solvent T o eliminate the effect of process (iii), a fixed concentration of the fluorescent solute, 2,j-diphenyloxazole (PPO), was used, and the influence of an added quencher, carbon tetrachloride (CCI,), on the solvent-solute energy transfer was studied. T o distinguish between processes (i) and (ii), the donor solvent @-xylene) was diluted by an inert, transparent solvent, cyclohexane.
The electronic excitation energy levels of CCI, and cyclohexane are higher than the lowest singlet excited states of p-xylene and PPO, which are the ones involved in the ? NOW at School of Chemical Sciences, University of East Anglia, Norwich. 449 solvent-solute energy transfer, so that the fluorescence quenching by CCl, occurs by a collisional process rather than by process (iii). Observations were made of the relative solute (PPO) fluorescence intensities with indirect (solvent) and direct (solute) ultra-violet excitation respectively (Cohen and Weinreb 1956, Birks and Cameron 1958) . Dilution by cyclohexane, which is transparent throughout the spectral region of excitation, retards the migration process (ii), without affecting the diffusion process (i) apart from a slight change in viscosity.
Experimental details

Specimen preparation
Cyclohexane of spectroscopic purity (B.D.H.), p-xylene and carbon tetrachloride of 'spectrograde' (Eastman-Kodak Ltd.), and 'scintillation grade' PPO (Nuclear Enterprises (G.B.) Ltd.) were used without further treatment.
p-xylene was diluted with cyclohexane in volume fractions of 1 : V , where V = 0, 1, 5 , 10 and 20. V is used to identify the composition of the mixed solvents. Stock solutions were prepared of 0.1 M PPO and of 0.1 M CC1, in each of these solvents. From these stock solutions, specimens were prepared, each containing a fixed molar concentration (F, or FD) provided the excitation light source. The solution specimen was contained in a cubical Spectrosil cell. The fluorescence emission, after passing through a secondary filter F,, was detected by an E.M.I. 62568 photomultiplier, the output current of which was measured by a galvanometer. All measurements were at ambient temperature The filter F, for the indirect excitation of the solution needed to be chosen carefully, because of the proximity of the absorption peaks of p-xylene (wavelength h N 260 nm) and PPO ( A 2i 315 nm). Most filters reported in the literature for selecting the former wavelength are also transparent to the latter. After trial, a filter combination consisting of a saturated aqueous solution of cobalt and nickel sulphates, a chlorine gas filter, and a 2 mm thick Chance OX 7 glass filter was found to be suitable. The transmission characteristics of FI, of FD, the other primary filter used for the direct PPO excitation, and of FF, the secondary filter used for the observation of the PPO fluorescence, are shown in figure 1.
(-20 "c).
Flgure 1. Filter transmission characteristics. FI, for indlrect excltation; FD, for drect excitation, FF, for fluorescence observation.
The fraction of exciting light scattered by the specimen and not absorbed by F, was measured by substituting for the specimen a M solution of p-nitroaniline, a nonfluorescent compound with absorption characteristics similar to those of PPO. The scattered light was found to be negligible. A control solution of M PPO in pure $-xylene (I' = 0) was used as a monitor, the fluorescence intensity of each specimen being measured relative to that of the control solution.
Results
Direct excitation of PPO
The . From the data of Steingraber and Berlman (1963) , T~ = 1.6 nsec for PPO inp-xylene. T h e fluorescence lifetime ofp-xylene in the presence of M PPO was evaluated as T, = 1.4 nsec, from the data off,, against [U] of Berlman (1960) , using the relation where fxy is the observed quantum efficiency of energy transfer from p-xylene to PPO, and Xo observations of T , or T , for p-xylene or PPO, respectively, in solutions diluted with cyclohexane and containing M PPO, have been reported (such measurements are currently being undertaken in this laboratory). Reference to the T~~ data on p-xylenel cyclohexane mixtures of Klein et al. (1966) , and to the data of fxy against V of Cohen and Weinreb (1956) , indicates that both these quantities are relatlvely insensitive to cyclohexane dilution. VaIues of TX 2 1 a 4 nsec, T, 2: 2 nsec have therefore been assumed for the solutions containing cyclohexane ( Laor and Weinreb (1965) and Weinreb (1961) for solutions of PPO in benzene, toluene and cyclohexane and of p-terphenyl in benzene and cyclohexane. The Stern-Volmer quenching constant KQy and the quenching rate parameter kQy of PPO by CCl, decrease with increasing viscosity 7 of the solvent (table 1) . Similar data, which are in good agreement with ours, have been recently reported by Tanielian (1966) for PPO solutions in benzene, toluene and cyclohexane. The diffusion coefficient of P p o in the alkyl benzenes has not been measured, but Tanielian estimated it from an empirical relation of Wilke and Chang (1955 where D is the mutual diffusion coefficient, i.e. the sum of the diffusion coefficients of the reacting species, R is the distance between the reaction centres, or the sum of the van der Waals radii, N is Avogadro's number, and p is the probability of reaction (i.e. quenching) during a molecular encounter. Tanielian (1966) has computed or estimated the quantities on the right-hand side of equation (5). Our results confirm his findings that the fluorescence quenching of PPO by CCl, is a diffusion-controlled process with p 2: 0.2.
Indirect excitation of PPO
A linear relation between Ioy/Iy(l +KQy [Q] ) and [e] (equation (2), figure 3) at all [Q] is only observed with the solutions in purep-xylene (V = 0). Similar plots for the solutions in the mixed solvents (V > 0) deviate from linearity at high [Q] .
A similar, but positive, deviation from linearity was observed by Lumb and Weyl(l966) for pyrene + cyclohexane+ CCl, solutions. These authors attributed the behaviour to the formation of a pyrene-CC1, complex. The formation of charge-transfer complexes between CCl, and the alkyl benzenes has been reported by Kilin et al. (1961) , Anderson and Prausnitz (1963) , Hooper (1964) and Weinter and Prausnitz (1965) . A study was therefore made of the effect of CCl, addition on the absorption spectrum of p-xylene. Apart from a slight red (solvent) shift at [Q] = 2 M, the absorption spectrum was unchanged and no charge-transfer absorption band was detected. This result, and the linear relation (equation (2)) at all [&I observed in the solutions in pure p-xylene (figure 3), indicate that the deviation from linearity cannot be attributed to p-xylene-CC1, complex formation. The observed behaviour is explained as follows. With indirect ( A N 260 nm) excitation the fraction a of the incident light absorbed by PPO, and thus yielding direct excitation of the PPO fluorescence, is given by
where [XI, [ Y ] are the molar concentrations, and ex, ey are the molar extinction coefficients of p-xylene and PPO, respectively. It is shown in the appendix that, if a > 0, equation (2) which is derived on the assumption that a = 0 is modified to become where k,, k,,, are defined in the appendix (table 2). A plot of the left-hand side of (7)
against [e] T h e quantitative use of (7) to correct for the effect of a and thus determine KQx is difficult because of the heterochromaticity of the exciting light, so that mean values of gX and cy, averaged over the spectrum determined by the spectral distribution of the light source and by the transmission characteristics of F, (figure l), are required for substitution in (6) to evaluate a. However, (7) becomes identical with (2) in the limit as [Q] tends to zero, and hence the value of KQx for the solutions with V # 0 (table 1) were determined from the initial slopes of the experimental curves (figure 3). Cohen and Weinreb (1956) , in their studies of the effect of dilution of the donor solvent on the efficiency of solvent-solute energy transfer, used a dilution factor V of 10 to 1500. Application of equation (6) shows that a 2: 0.5 or higher in most of their systems. I n the interpretation of their results these authors appear to have neglected this direct excitation of the solute, which is appreciable. From (7) and the present experimental results such neglect of this factor will lead to anomalously high values of the non-radiative solventsolute energy transfer efficiency in the more dilute solvent systems. The apparent insensitivity of the solvent-solute transfer efficiency fxy to solvent dilution led Cohen and Weinreb to conclude that the solvent excitation migration process (ii) is unimportant. Their neglect of the solute absorption a would explain the discrepancy between this conclusion and those of other investigators (Birks 1964) . When the solute absorbs appreciably in the region of indirect (solvent) excitation, an upper limit is set for the dilution factor V which may be used without appreciable experimental error. In the present system this corresponds to V < 20.
Analysis of the solvent quenching data
An upper limit for the component ( T h e self-diffusion coefficient of benzene at 25 Oc is 2.12 x Substitution of these values in (8) yields an upper limit of (kQX)dlff = 1.54 x 1O1O M -l sec-l which is only about half of the experimental value of kQX = 3.4 x 1O1O M -l sec-l, which is observed for the solutions in pure p-xylene (table 1) .
If diffusion (process (i)) is assumed to be the only process by which the donor solvent excitation can be brought into collisional proximity to a quencher molecule, it is necessary to postulate R 2: 10 . i in order to equate ( (table I) , bringing it into excellent agreement with the theoretical value of (kQX)diff from (8). On the diffusion-only hypothesis (i.e. the assumption that the migration process (ii) does not occur, even in the undiluted solvent V = 0) and taking R N 10 A, it would be necessary to assume that either R orp, the quenching probability per molecular encounter, decreases by a factor of the order of 2, i.e. from 1 to about 0.5, in going from V = 0 to V = 20. There appears to be no basis for either assumption. These arguments lead to the rejection of the diffusion-only hypothesis.
From the present results and from those of other observers (Lipsky and Burton 1959 , Kallmann 1960 , Brown et al. 1961 , Kropp and Burton 1962 a, Lipsky 1964 , Dillon and Burton 1965 , Braga et al. 1966 , Laustriat and Coche 1966 , Dubois and van Loben Sels 1966 it is evident that the diffusion process (i) alone cannot account for the high experimental values of kQx. Similarly, processes (i) and (iii) alone cannot explain the high values of the solvent-solute energy transfer rate parameter kTXY which are observed by these authors. It is necessary to include the solvent excitation migration process (ii). Following Voltz et al. (1963 a) , (8) cm2 sec-l (Braga et al. 1966) .
Dilution of p-xylene by cyclohexane retards the solvent-solvent excitation migration by increasing the mean distance between the interacting donor solvent molecules. As the dilution factor V is increased, (kQX)mlg decreases towards zero and kQ, tends towards (kQ&f, the diffusional component (9). The experimental data on the solutions in mixed solvents (table 1) were analysed as follows. The diffusion coefficient of CCl, in the mixed solvents was taken as 1.5 x cm2 sec-l, which is intermediate between its value in p-xylene (2 x cm2 sec-I) and that in cyclohexane (Hammond and Stokes 1955, Kulkarin et al. 1965) . The diffusion coefficients of p-xylene in the mixed solvents were estimated from the data of Kamal and McLaughlin (1966) . The yalues of D and of 11, derived from kQx, D and (9), are listed in table 1.
This study of p-xylene excitation quenching by CC1, confirms the importance of the solvent excitation migration process (ii), which in the undiluted solvent has a coefficient of similar magnitude to that of the diffusion process (I). Process (11) increases the rate and efficiency of solvent-solute energy transfer and of solvent excitation quenching in organlc liquid scintillators. On dilution of the donor solvent the migration process is retarded and at dilutions of V > 20 its contribution becomes insignificant.
is given by where E~, are the molar extinction coefficients of X and Y, averaged over the spectrum of the incident light, and square brackets denote molar concentrations.
The reaction kinetic scheme, including internal quenching (K,) and concentration quenching (kc), but omitting excimer formation and dissociation, is shown in table 2. An 
